Abstract. The aim of the present study was to investigate the synergistic effect of phenylhexyl isothiocyanate (PHI) and LY294002 [an inhibitor of phosphoinositide 3-kinase (PI3K)] on the PI3K/protein kinase B (Akt) signaling pathway, modulating histone acetylation, inhibiting cell viability and inducing apoptosis in HL-60 cells. The inhibition of HL-60 cell viability was monitored using an MTT assay. Cell apoptosis was measured using flow cytometry. Expression of acetylated histone H3 and histone H4, and the Akt signaling pathway proteins phosphorylated Akt (p-Akt), phosphorylated mammalian target of rapamycin (p-mTOR) and phosphorylated ribosomal protein S6 kinase (p-p70 S6K ) was detected using western blotting. The results of the present study identified that PHI and LY294002 were able to inhibit cell viability and induce cell apoptosis in HL-60 cells. The combination exhibited a synergistic effect on cell viability and apoptosis. PHI treatment led to an accumulation of acetylated histone H3 and histone H4, but LY294002 treatment had no effect on histone acetylation. However, LY294002 was identified to enhance the effect of PHI on histone acetylation in HL-60 cells. PHI and/or LY294002 were identified to dephosphorylate proteins in the PI3K/Akt signaling pathway, with a synergistic effect observed when used in combination. The results of the present study indicated that the combination of PHI and LY294002 may offer a novel therapeutic strategy for acute myeloid leukemia.
Introduction
Acute myeloid leukemia (AML) is a heterogeneous group of malignant hematopoietic disorders characterized by uncontrolled proliferation of clonally neoplastic cells and accumulation in the bone marrow of blasts with an impaired differentiation program which are inhibited at various maturation steps and are resistant to cell death (1) . Intensification of chemotherapy has resulted in remission in between 70 and 85% of patients with AML; however, post-remission relapses occur frequently (2, 3) .
The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway is a key mediator of cell viability, proliferation and apoptosis. Its constitutive activation has been implicated in the pathogenesis and progression of a variety of neoplasias (4) . The PI3K/Akt axis is activated in AML (5) (6) (7) (8) . The disease-free survival and overall survival times have been demonstrated to be significantly decreased in cases of AML with upregulated PI3K/Akt signaling pathway protein expression (9) . The PI3K/Akt signaling pathway is crucial to diverse physiological processes that include cell cycle progression, differentiation, transcription, translation and apoptosis (10, 11) . The PI3K/Akt signaling pathway is targeted for genomic aberrations including amplification, mutation and rearrangement more frequently than any other signaling pathway in human cancer, with the possible exception of the p53 and retinoblastoma signaling pathways. There is convincing evidence that the alterations of the PI3K/Akt signaling pathway are associated with tumor progression and resistance to radiation and systemic therapies in humans (12, 13) . LY294002 is an inhibitor of PI3K, which has been used extensively to investigate the role of the PI3K/Akt signaling pathway in normal and transformed cells (14, 15) . Inactivation of PI3K using LY294002 has been demonstrated to lead to the dephosphorylation of Akt at Thr 308 and Ser
473
, consequently inducing specific G 1 phase arrest in cell proliferation and finally to apoptosis (16, 17) . PI3K inhibitors also exhibit antitumor activity in vitro and in vivo in a variety of tumor types (18) (19) (20) . Therefore, in the present study, it was investigated whether LY294002 was able to increase the sensitivity of AML cells to PHI.
Synergistic effects of phenylhexyl isothiocyanate and LY294002
on the PI3K/Akt signaling pathway in HL-60 cells
Isothiocyanates are naturally sourced compounds typically isolated from plants of the Brassicaceae family, including broccoli, cabbage, and radish. Isothiocyanates are best known for their antioxidative, anticancer chemotherapeutic, chemopreventive, and anti-angiogenic properties (21, 22) . PHI, a synthetic isothiocyanate, is able to induce cell growth arrest and apoptosis in a number of types of tumor cell by inhibiting histone deacetylation, histone methylation and DNA methylation, and by remodeling chromatins (23) (24) (25) (26) (27) .
In the present study, the rationale for the combined inhibition of PHI and LY294002 in HL-60 cells was investigated. Although the effect of LY294002 or PHI has been identified in a number of types of human cancer, the synergistic effect of PHI and LY294002 remains unclear.
Materials and methods
Reagents. PHI (LKT Laboratories, Inc., St. Paul, MN, USA), >98% pure, was dissolved in 75% methanol to a stock concentration of 5 mmol/l and stored at -20˚C following positive pressure filtration through a 0. 22 Cell culture. The human AML cell line HL-60 was obtained from the China Center for Type Culture Collection (Beijing, China). Cells were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (both were obtained from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and maintained at 37˚C in a humidified atmosphere containing 5% CO 2 . Cells in exponential growth phase were exposed to PHI and/or LY294002 at various concentrations, as indicated for each assay. The control cultures were supplemented with the methanol-containing medium and DMSO-containing medium respectively.
Cell viability assay.
MTT assay was used to analyze cell viability as described previously (28) . The spectrophotometric absorbance of the samples was determined using an Ultra Multifunctional microplate reader at 490 nm. Cells in exponential growth phase (1. Analysis of cell apoptosis using flow cytometry. HL-60 cells were seeded at 5.0x10 5 cells/ml in Petri dishes and cultured with the aforementioned concentrations of PHI or LY294002, or in combination, for 72 h. An annexin V-fluorescein isothiocyanate (FITC)/PI double-fluorescence apoptosis detection kit (Kaiji Biotech, Nanjing, China) was employed to quantify the apoptosis of the HL-60 cells, according to the manufacturer's protocol. Briefly, the suspended cells were pooled, washed twice with ice-cold PBS and re-suspended in binding buffer (Kaiji Biotech, Nanjing, China) to 10 6 /ml. Subsequently, 0.2 ml of this cell suspension was incubated with 5 µl Annexin V-FITC and 5 µl PI Staining Solution for 10 min at room temperature in the dark. Then, samples were analyzed using a flow cytometer (BD FACSCalibur TM , San Jose, CA, USA) within 1 h. The experiment was performed in triplicate.
Western blot analysis. The protein levels were established by Western blot analysis as described previously (29) . Total proteins were prepared from each culture condition with a lysis buffer containing protease inhibitors, and the lysed solution was centrifuged at 13,000 x g for 20 min at 4˚C. The protein content of the lysates was determined using the Bradford protein assay. Equivalent amounts of protein (20 µg) were separated were subjected to 12% SDS-PAGE and then electrotransferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked in PBS containing 5% w/v skimmed dry milk at room temperature for 1 h, and then incubated at 4˚C overnight with the following antibodies: Acetyl-histone H3, acetyl-histone H4, p-Akt, p-mTOR and p-p70 S6K at the recommended dilution (1:500). Additionally, the membranes were incubated with HRP-conjugated goat anti-mouse (1:5,000) or goat anti-rabbit secondary antibodies (1:5,000) at room temperature for 1 h. Finally, the membranes were exposed to X-ray film following use of enhanced chemiluminescence reagents (Cell Signaling Technology). Protein levels were quantified relative to β-actin as a loading control by using Image-Pro Plus v.6.0 software (IPP; Media Cybernetics, Bethesda, MD, USA), and this protocol was repeated three times.
Analysis of the combined effects of the drugs.
CompuSyn software (version 2.0; ComboSyn, Inc., Paramus, NJ, USA) was used to evaluate the synergistic effects of the combination of PHI and LY294002 using to the median-effect method (30) . An MTT assay was performed to determine the fraction of cells affected (Fa). The combination index (CI) was calculated using CompuSyn. In this analysis, the combined effect was reported as synergistic, antagonistic or additive when the CI value was <1, >1 and 1, respectively.
Statistical analysis. Data were analyzed using SPSS statistical software (version 13.0; SPSS, Inc., Chicago, IL, USA). Results are presented as the mean ± standard deviation from multiple independent experiments using a homogeneity test for variance and test of normality. Results were evaluated by one-way analysis of variance between groups. Multiple comparison between the groups was performed using Student Newman-Keuls method. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of PHI and LY294002 on HL-60 cell viability. PHI and LY294002 were identified to inhibit viability in HL-60 cells in a dose-and time-dependent manner. For instance, the viability of HL-60 cells was 97.1±2.1, 84.3±2.5, 57.3±2.1 and 36.2±2.4% when treated with PHI at 0, 10, 20 and 40 µmol/l, respectively, for 72 h (Fig. 1A) ; the half-maximal inhibitory concentration (IC 50 ) was 26.19 µmol/l. Similarly, the viability of HL-60 cells was 98.3±1.1, 86.2±2, 64.2±2.3 and 48.7±2.0% when treated with LY294002 at 0, 10, 20 and 40 µmol/l, respectively, for 72 h (Fig. 1B) ; the IC 50 was 36.44 µmol/l. The viability of HL-60 cells was 37.4±2.7% when treated with PHI and LY294002 in combination at 20 µmol/l each for 72 h. However, the viability was 57.3±2.5 and 64.2±2.3% when treated with PHI or LY294002, respectively, at 20 µmol/l separately for 72 h (Fig. 1C) (Fig. 2) .
LY294002 enhances the effect of PHI on acetylation of histone H3 and H4 in HL-60 cells. Treatment with PHI
led to an accumulation of acetylated histone H3 and H4. However, LY294002 had no effect on it. The acetylation of histone H3 and histone H4 was increased markedly in doseand time-dependent manner following exposure of HL-60 cells to PHI (Fig. 3A) . Acetylated histone H3 was increased 1.65±0.08-, 2.96±0.14-and 5.21±0.24-fold by PHI at 10, 20 and 40 µmol/l, respectively, for 72 h compared with the control. Acetylated histone H4 was increased 1.32±0.06-, 2.55±0.12-and 3.92±0.18-fold by PHI at 10, 20 and 40 µmol/l, respectively, compared with the control. LY294002 was not able to alter the level of acetylation of histone H3 and histone H4. Acetylated histone H3 was increased 1.01±0.04-, 0.98±0.03-and 1.02±0.05-fold by LY249002 at 10, 20 and 40 µmol/l, respectively, for 72 h compared with the control. Acetylated histone H4 was increased 0.99±0.05-, 1.03±0.05-and 0.97±0.04-fold by LY249002 at 10, 20 and 40 µmol/l, respectively, for 72 h compared with the control (P>0.05; Fig. 3B ). However, with in combination, LY294002 increased the effect that PHI exerted on histone H3 and histone H4 acetylation. Acetylated histone H3 and H4 were increased 2.96±0.14-and 2.55±0.12-fold by PHI alone, 3.11±0.16-and 2.83±0.13-fold by PHI and LY294002 in combination at 20 µmol/l each (Fig. 3C) .
Synergistic effects of combined PHI and LY294002 treatment on inhibiting the PI3K/Akt signaling pathway in HL-60 cells. Levels of p-Akt, p-mTOR and p-p70
S6K were decreased following exposure to PHI or LY294002. When PHI was combined with LY294002, the effect was more marked. p-Akt, p-mTOR and p-p70 S6K levels were decreased following exposure to PHI or LY294002. Levels of p-Akt, p-mTOR and p-p70 S6K were increased 0.92±0.06-, 0.90±0.05-and 0.89±0.05-fold, respectively, by PHI at 10 µmol/l, 0.55±0.03-, 0.71±0.04-and 0.65±0.03-fold, respectively, by PHI at 20 µmol/l, and 0.42±0.02-, 0.56±0.03-and 0.51±0.03-fold, respectively, by PHI at 40 µmol/l for 72 h, compared with the control (Fig. 4A) . Similarly, the levels of p-Akt, p-mTOR and p-p70 S6K were increased 0.87±0.03-, 0.81±0.04-and 0.79±0.04-fold, respectively, by LY294002 at 10 µmol/l, 0.51±0.03-, 0.62±0.04-and 0.54±0.03-fold, respectively, by LY294002 at 20 µmol/l, and 0.37±0.02-, 0.48±0.03-and 0.41±0.02-fold, respectively, by LY294002 at 40 µmol/l for 72 h, compared with the control (Fig. 4B) . The levels of p-Akt, p-mTOR and p-p70 S6K were increased 0.81±0.03-, 0.83±0.05-and 0.78±0.06-fold, respectively, by LY294002, respectively, at 20 µmol/l for 72 h, and 0.65±0.03-, 0.61±0.04-and 0.55±0.03-fold, respectively, by PHI at 20 µmol/l for 72 h compared with the control. However, levels of p-Akt, p-mTOR and p-p70 S6K were increased 0.37±0.04-, 0.43±0.03-and 0.21±0.02-fold, respectively, by PHI and LY294002 in combination at 20 µmol/l each for 72 h compared with the control (Fig. 4C) . The combination of PHI and LY294002 enhanced the effect on the protein levels of the PI3K/Akt signaling pathway.
Discussion
The results of the present study indicate that LY294002 and PHI induced cell apoptosis, decreased cell viability and dephosphorylated p-Akt, p-mTOR and p-p70 S6K . Treatment with PHI led to an upregulation of histone acetylation. Our previous studies indicated that PHI induced cell apoptosis and inhibited cell viability in various tumor cell lines, including MOLT-4, PC3 and SMMC7721 cells (23, 31, 32) . These results of these studies provide evidence of the underlying molecular mechanisms for the apoptotic effects of PHI, which modulates histone acetylation, histone methylation and DNA demethylation. The results are also consistent with the evidence that PHI dephosphorylated proteins in the PI3K/Akt signaling pathway, inactivated Akt and modulated histone acetylation in PC3 cells.
Activation of the PI3K/Akt signaling pathway results in disturbance of cell proliferation and apoptosis, providing a competitive proliferative advantage for tumor cells (4, 33, 34) . It is clear that upregulation of the PI3K/Akt axis may be one of the major factors undermining successful antineoplastic treatment, thus leading to a poor prognosis in many types of cancer (35) . Therefore, the PI3K/Akt pathway is an attractive target for the development of novel therapeutic strategies in patients with various types of tumor.
LY294002, a classical PI3K inhibitor, has been used in in vitro and in vivo studies on cancer cell lines in which it induces apoptosis and increases sensitivity to chemotherapeutic drugs (36) (37) (38) . The results of the present study indicated that LY294002 may induce apoptosis and inhibit viability of HL-60 cells. It inhibits the PI3K/Akt signaling pathway by dephosphorylating p-Akt, p-mTOR and p-p70 S6K .
In the present study, it was confirmed for the first time, to the best of our knowledge, that a combination of LY294002 and PHI exerts synergistic effects on inducing apoptosis and inhibiting viability of HL-60 cells. The results indicated that PHI or LY294002 resulted in an increase in the apoptotic rate and inhibition of cell viability in a dose-dependent manner. PHI and LY294002 in combination at 20 µmol/l each exhibited a synergistic effect with a significantly increased apoptosis rate. Treatment with PHI or LY294002 separately at 20 µmol/l for 72 h led to cell viability of 57.3±2.5 and 64.2±2.3%, respectively, compared with the control. PHI and LY294002 in combination at 20 µmol/l each exhibited a synergistic effect with a significantly increased inhibition of cell viability. Investigation into the underlying molecular mechanism indicated that PHI induced an accumulation of acetylated histone H3 and histone H4 in HL-60 cells; however, LY294002 exhibited no effect on histone acetylation. However, upregulation of acetylated histone H3 and histone H4 was increased by PHI in combination with LY294002 compared with PHI alone. These results indicated that LY294002 may enhance the effect of PHI on histone acetylation. PHI and LY294002 each dephosphorylated p-Akt; in combination, they resulted in a synergistic effect, dephosphorylating p-Akt further.
Akt synergistically enhanced the activity of histone acetyltransferases (HATs), inducing p300, and the increasing the binding capacity with the HAT p300/cyclic adenosine 5'-monophosphate-response element-binding protein-binding protein (CBP)-associated factor (39) . Rapamycin inhibition of the mTOR signaling pathway may lead to the release of the oncogene Esa1 from the ribosomal protein gene promoter and lead to histone H4 deacetylation, thereby affecting gene expression (40) . Resistance to histone deacetylase inhibitors in non-small cell lung cancer is mediated in part through the activation of nuclear factor-κβ through the phosphatidylinositol 3-kinase/Akt-dependent pathway (41) . A number of studies (42) (43) (44) have indicated that the dynamic changes of histone modification may regulate mTOR signaling pathway protein kinase activity. However, the underlying molecular mechanism remains unknown. A study by Gan and Zhang (45) identified that the activation of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), and Akt phosphorylation was downregulated by trichostatin A (TSA) treatment. This study demonstrated that downregulation of Akt phosphorylation induced by TSA may be mediated by PTEN small interfering RNA. It has been identified that the phosphorylation of Akt at Ser 1834 enhances the transcriptional activity of p300 by increasing promoter recruitment and histone acetylation (39) . Chromatin immunoprecipitation assays revealed that CBPs and nuclear factor erythroid 2-related factor (Nrf2) recruitment to the antioxidant-response element (ARE) and broad complex-tramtrack-bric-a-brac and cap'n'collar homology 1 release were inhibited by LY294002, along with the partial inhibition of Nrf2 nuclear accumulation (46) . Furthermore, acetylation of histone H3 at Lys 9 and 18 , and deacetylation histone H3 at Lys 14 were associated with PI3K-dependent ARE activation. Apoptosis induced by doxorubicin, an inhibitor of the PTEN signaling pathway, was enhanced by TSA. Furthermore, TSA promoted early growth response protein 1 (Egr-1) expression, which is the major transcription factor of PTEN, and this resulted in upregulation of PTEN expression, which consequently potentiated apoptosis (47) . HAT p300 was able to synergistically activate PTEN transcription with Egr-1, implicating the role of histone acetylation in the regulation of PTEN expression.
The results of the present study suggest that a combination of PHI and LY294002 may be a novel treatment for acute leukemia.
